Lutz-Kelker bias corrected absolute magnitude calibrations for the detached binary systems with main-sequence components are presented. The absolute magnitudes of the calibrator stars were derived at intrinsic colours of Johnson-Cousins and 2MASS (Two Micron All Sky Survey) photometric systems. As for the calibrator stars, 44 detached binaries were selected from the Hipparcos catalogue, which have relative observed parallax errors smaller than 15% (σπ/π ≤ 0.15). The calibration equations which provide the corrected absolute magnitude for optical and near-infrared pass bands are valid for wide ranges of colours and absolute magnitudes: −0.18 < (B − V )0 < 0.91, −1.6 < MV < 5.5 and −0.15 < (J − H)0 < 0.50, −0.02 < (H − Ks)0 < 0.13, 0 < MJ < 4, respectively. The distances computed using the luminosity-colours (LCs) relation with optical (BV ) and near-infrared (JHKs) observations were compared to the distances found from various other methods. The results show that new absolute magnitude calibrations of this study can be used as a convenient statistical tool to estimate the true distances of detached binaries out of Hipparcos' distance limit.
Introduction
The most reliable physical parameters of stars, e.g. masses, radii, effective temperatures etc., used in testing theoretical predictions of fundamental physical structure of single stars, are obtained from the observations of detached eclipsing binaries with main-sequence components. Masses and radii could be determined within an accuracy better than 1% from their light and radial velocity curves (Andersen, 1991; Southworth et al., 2004 Southworth et al., , 2005a ).
There could be several techniques to determine distances for detached eclipsing binaries. The most reliable distances are usually the ones from accurately measured trigonometric parallaxes or interferometric observations of nearby stars. Relatively less reliable distances are the ones based on spectroscopic or photometric parallaxes using absolute magnitudes estimated or computed from the solutions of data obtained by photometric or spectroscopic observations. Such distances, however, require measurements of reliable reddening free apparent magnitudes. The effect of interstellar reddening on the final distance predictions could be larger than expected. Since reddening is less effective at infrared wavelengths, the prediction errors could be minimized by using infrared photometry (Southworth et al., 2005b) .
⋆ Corresponding author: e-mail: sbilir@istanbul.edu.tr Relation between orbital period, luminosity and colours of the binary stars, called PLC relation, was first proposed by Rucinski (1974) (see also, Mochnacki, 1981) for W UMatype binaries in order to reduce the scatter in the mainsequence colour-magnitude relation. Rucinski (1994) established the PLC relation of W UMa-type stars using (B −V ), (V − I c ) colours and orbital periods. The PLC relation of W UMa-type binaries was improved later using Hipparcos parallaxes (Rucinski & Duerbeck, 1997) . In a recent paper, Ak et al. (2007) described a similar relation, called PLCs relation for cataclysmic binaries. Although it is possible to find a PLCs relation for detached binaries too, applying this idea to detached binaries makes no sense since the orbital period is not correlated in any physical way to the components. Thus, a relation between the luminosity (absolute magnitude) and colours can be more useful for detached binaries. It should be noted that more accurate calibrations can be obtained by using two colours instead of one colour, since one colour dependent calibrations may include systematic errors (see, e.g. Bilir et al., 2008) .
In this study, we first estimate the systemic V and J band absolute magnitudes M V and M J of detached binaries using reliable trigonometric parallaxes from Hipparcos satellite by assuming that the light in V and J bands comes from the system as a whole. Then, we find the dependence of the absolute magnitude on de-reddened colours (B−V ) 0 , (J − H) 0 and (H − K s ) 0 to derive absolute magnitude cali-brations for detached binaries with observations in JohnsonCousins and 2MASS photometric systems. We should state that our aim is not to measure the absolute magnitudes of each component in the detached binaries in our list.
Unfortunately, measured parallaxes are never free from systematic errors. This problem has been noticed by Lutz & Kelker (LK, 1973) . Assuming uniform spatial distribution of stars and a uniform distribution of observed parallaxes around the true parallax, LK explained that there must be a systematic error, known as Lutz-Kelker bias, in computed distances which depends only upon relative parallax error (σ π /π), where π is observed parallax and σ π is the associated standard error. Because of LK bias, the true parallaxes are always smaller than observed parallaxes (Lutz & Kelker, 1973) . Therefore observed parallaxes are needed to be corrected. This correction procedure is recognized as LK correction.
According to Jerzykiewicz (2001) , only the studies which are careful to use parallaxes with (σ π /π) ≤ 0.1 could be excused since the bias could be tolerable. Otherwise, LK bias (if not corrected) would either alter conclusions or invalidate the results. However, the standard LK corrections become significant if (σ π /π) ≥ 0.05 and increase as relative error gets bigger (Maiz Apellaniz, 2005) . Thus the parallaxes with such significant errors must be corrected.
Aim of this study is to establish an absolute magnitude calibration for practical usage to estimate distances of detached main-sequence eclipsing binaries which have no trigonometric parallax nor known physical structures to imply their absolute brightness, but only have at least an eclipsing light curve indicating they are on the main sequence and detached. Unlike the common practice of predicting binary distances photometrically, which requires estimated absolute magnitudes of each component extracted from the light contributions of each component and/or their physical parameters from a spectroscopic or a light curve solution, this new method does not require extensive work; thus practical and quick, therefore, useful especially when studying large numbers of eclipsing data such as ASAS (Paczyński et al., 2006) survey where light curve solutions are not available to most binaries.
The Data
Photometric data of 44 detached eclipsing binaries with mainsequence components, which have observed trigonometric parallaxes (π) with relative errors smaller than (σ π /π) ≤ 0.15, were collected from the literature. The 14 of them are chromospherically active binaries taken from Eker et al. (2008) . Since there are relative errors of the observed parallaxes bigger than 0.05, LK correction needs to be applied to derive the true parallaxes (π 0 ) using following equation (Smith, 1987) :
Table 1 contains the basic data required for absolute magnitude calibration. The columns are organized as order, name, spectral type, galactic coordinates (ℓ, b), observed parallaxes (π), relative parallax error (σ π /π), LK corrected true parallaxes (π 0 ), colour excess (E(B−V )), visual brightness (V ) and colour (B − V ), infrared brightness (J) and colours (J − H, H − K s ) and quality flag. Quality flag "AAA" indicates the best quality or maximum reliability of 2MASS photometric data.
Parallaxes, parallax errors, galactic coordinates and J, H and K s magnitudes are taken from the Hipparcos catalogue (ESA, 1997) and the Point-Source Catalogue and Atlas (Cutri et al., 2003) which is based on the 2MASS (Two Micron All Sky Survey) observations, respectively, by using VizieR 1 service. The 2MASS photometric system comprises Johnson's J (1.25 µm) and H (1.65 µm) bands with the addition of K s (2.17 µm) band, which is bluer than Johnson's K-band (Skrutskie et al., 2006) . Spectral types were collected from the available literature.
Intrinsic colours and absolute magnitudes
In principle, a calibration in any photometric system has to be based on the intrinsic (de-reddened) colours, such as
However, unlike the observed colours, the intrinsic colours require one more step to be estimated from any kinds of colour excess values if spectroscopic observations are not available to reveal them independently. For estimating the intrinsic colours, the colour excess of E(B − V ) has been preferred for this study. Unfortunately, only limited number of E(B − V ) colour excesses of some systems were given in the literature. Therefore, we used Schlegel et al. (1998) maps and NASA Extragalactic Database 2 to calculate the E(B − V ) value of a star. Schlegel et al. (1998) maps provide only the E(B − V ) values according to galactic coordinates, which are the modeled values for any direction from Sun to the edges of our Galaxy as a consequence of the galactic dust. The colour excess values according to galactic latitude (b) and longitude (ℓ) towards the directions of stars are shown by E ∞ (B−V ), which symbolically means up to infinity but actually up to the edge of the Galaxy. Therefore, the E ∞ (B − V ) values have to be reduced according to the actual distance of each star. The total interstellar absorption within the Galaxy in the photometric V band was computed from an available modeled value of E ∞ (B − V ) for a given galactic latitude (b) as
The total interstellar absorption in the V band up to the distance (d = 1/π) of the star can be estimated by (Bahcall & Soneira, 1980 )
where H is the scaleheight for the interstellar dust which is adopted as 125 pc (Marshall et al., 2006) . Finally, the colour excess for a star at the distance d is estimated from
Once we obtained the colour excess for a star, we have calculated the intrinsic magnitudes and colours as following:
We used the equations of Fiorucci & Munari (2003) (see also, Bilir, Güver & Aslan, 2006) for the determination of the total absorption for J band and colour excesses of (J − H) and (H − K s ) colours. All the magnitudes and colours with subscript "0" will be mentioned as de-reddened ones, hereafter.
In addition to intrinsic magnitudes and colours, fundamental input data required for the calibration are absolute magnitudes. The absolute magnitude of stars in Table 1 have been computed by the well known distance-modulus formula both for optical and near-infrared bands, i.e. M VLK = V o − 5 log(1/π 0 )+ 5 and M JLK = J o − 5 log(1/π 0 )+ 5, respectively. The computed values of M V and M J are given in columns 3 and 5 in Table 2 . Corresponding propagated errors were calculated as δM = 2.17(σ π /π) + δm, where (σ π /π) and δm are relative parallax error and the error of the apparent magnitude in the relevant photometric system, respectively.
Absolute magnitude calibrations
Selected colours and LK corrected absolute magnitudes M V and M J according to Hipparcos distances for the sample stars (Tables 1 and 2 ) were used in calibrating the coefficients of the following equations:
The coefficients of each equation and their 1σ errors have been determined by the method of least squares. All 44 systems in Table 1 were used to predict the coefficients for the relation using optical colour (Eq. 5). However, only 37 out of 44 were used in the calibrations involving 2MASS data since observed colours with the quality flag "AAA" were preferred for them. The predicted coefficients and their uncertainties together with the correlation coefficients, standard deviations and standard errors are given in Table 3 . Consequently, it can be concluded that each equation above would provide an absolute magnitude with an internal uncertainty of ±0.09 mag. Moreover, since the correlation coefficients are 0.91 and 0.95 (Table 3) , strong correlations between the involved parameters (absolute magnitude and colours) are confirmed. The calibrated equations can be considered valid within the ranges −0.18
and −1.6 < M V < 5.5 for the calibration including optical colour, and −0.15 (H − K s ) o < 0.13 and 0 < M J < 4 for the 2MASS photometric system. These limits correspond to the spectral classes B4 − K7 (Covey et al., 2007; Cox, 2000) . The calibrations are based on the trigonometric parallaxes with the relative errors (σ π /π) ≤ 0.15.
Uncertainties of the calibrations
In order to see how accurate the observed colours are, the errors of the observed colours have been plotted against the intrinsic colours in Fig. 1 where the visual colour ((B − V ) 0 ) have smaller uncertainties than the near-infrared colours
. The mean observational errors are about 0.02 (σ = ±0.02) and 0.04 (σ = ±0.01) mag in the optical and near-infrared colours, respectively. This is not surprising, because 2MASS magnitudes were obtained from singleepoch observations, while optical observations have been done more than once. These mean errors of colours introduce typically ±0.17 and ±0.22 mag uncertainties at M V and M J , respectively. Uncertainty in the de-reddening introduces an additional uncertainty. Due to smaller de-reddening at infrared colours, infrared calibrations are expected to be less affected by dereddening process.
Some of the binaries can be unrecognized as triple or multiple systems. Thus, their parallax measurements cannot be reliable. Assuming that the parallaxes of systems in our sample are precise enough, a median (σ π /π) value of 0.07 of the sample introduces a typical error of ±0.15 mag.
Comparison with Hipparcos absolute magnitudes and distances
Absolute magnitudes predicted by LCs relations are compared to the absolute magnitudes obtained from Hipparcos catalogue for the calibration stars (Fig. 2) . Almost all www.an-journal.org Table 1 The data used in calibration of the absolute magnitudes. π 0 shows LK corrected parallax. "Quality" denotes the quality flag of 2MASS data. Schlegel et al. (1998) , (b) Popper (1981) , (c) Nordström & Johansen (1994b) , (d) Nordström & Johansen (1994a) , (e) Lacy (1979) , (f) Holmgren et al. (1999) , ( Bakış et al. (2008) calibration stars are located in the prediction limits of 2σ. Fig. 2 and Table 3 show that absolute magnitudes calculated from the calibration equation using near-infrared colours have stronger correlation and less scatter on diagonal.
The distances predicted from the distance modulus have been compared in a similar manner in Fig. 3 . Standard deviations of the residuals from the Hipparcos distances are 37 and 26 pc for optical and near infrared colours, respectively. These values show that the calibration equation including near-infrared colours are better in correlation as expected than the absolute magnitude comparisons given above. In Fig. 3a-b , we showed the 1σ prediction limits. Systems located out of 1σ prediction limits are indicated. It is interesting to note that these scattered systems are almost the same as in Fig. 3a-b . 
Application to the other detached systems
In order to compare the distances estimated from our calibrations and various methods, 48 detached systems other than our sample with main-sequence components and known distances were collected from the literature. Among these stars, distances of 16 systems were taken from the Hipparcos catalogue with 0.15 < (σ π /π) ≤ 0.5. For the rest of stars, distances were found from photometric analysis. Colours, colour excesses, absolute magnitudes and distances of the selected systems are listed in Table 4 . Optical and near-infrared colours of these stars were taken from Hipparcos catalogue (ESA, 1997) and 2MASS Point-Source Catalogue (Cutri et al., 2003) , respectively. E(B − V ) values were either taken from the literature or calculated from Schlegel et al. (1998) maps (see Section 2.1).
The M V and M J absolute magnitudes of the binaries in Table 4 (columns 9-10) were estimated from Eqs. 5 and 6, respectively. These absolute magnitudes were used to calculate the distances by the Pogson's relation and recorded in next columns. The systems with known hypothetical third body or apsidal motion are indicated in column 14, as well.
The distances predicted from our LCs relations are compared to the distances used in literature, where various methods including trigonometric parallaxes were preferred (Fig.  4) . At first glance, it looks like that predicted and collected distances are very much in agreement. Standard deviations www.an-journal.org Table 4 Detached systems with main sequence components and known distances collected from the literature. The last column of the table gives references including information for colour excess, distance given in literature and remarks, in order.
Eq. 5 Eq. 6 Eq. 5
Eq. 6 Literature ID Star Schlegel et al. (1998) , (2) ESA (1997), (3) Lacy (2002), (4) Siviero et al. (2004) , (5) Nelson (2004), (6) Maloney et al. (1989) , (7) Khodykin et al. (1997) , (8) Bozkurt & Degirmenci (2007) , (9) Lacy et al. (2002) , (10) Bulut & Demircan (2007) , (11) Debernardi et al. (2001) , (12) Lacy et al. (1997) , (13) Barembaum & Etzel (1995) , (14) Andersen (1975) , (15) Lacy et al. (2006) , (16) Jorgensen (1979) , (17) Srivastava (1987) , (18) Popper et al. (1985) , (19) Popper & Etzel (1981) , (20) Lacy & Frueh (1987) , (21) Degirmenci et al. (2003) , (22) Torres et al. (2006) , (23) Nordström et al. (2004) , (24) Lacy (1979) , (25) Petrova & Orlov (1999) , (26) Popper (1968), (27) of the residual distances are ∼50 pc for both the calibration equations using optical and near infrared colours. The systems with distances higher than ∼400 pc have the largest scatter. However, an eye inspection shows that scatter even for these distant systems is not higher than ∼100 pc, indicating a precision better than ∼ 25%. In fact, the scatter in Fig.  4 are mostly due to uncertainties in distance measurements in the literature (particularly those from uncertain Hipparcos parallaxes), so the scatter in the calibrations should be smaller than the overall scatter. 
Discussions and conclusions
We have suggested absolute magnitude calibrations for detached binaries based on LK corrected Hipparcos parallaxes. The calibration equations cover a wide range of colours and absolute magnitudes.
The distances of calibration stars were calculated using the absolute magnitudes obtained from the LCs relations and compared with the Hipparcos distances (Fig. 3) . Although distances are in agreement in general (concentrated on diagonal), there is a considerable scatter for some systems. Large deviations from the LCs relations are mostly seen for the systems whose distances are higher than ∼100 pc with the exception of RT And, which is closer than 100
www.an-journal.org Fig. 4 The distances predicted from our LCs relations are compared to the distances used in literature, where various methods including trigonometric parallaxes were preferred. Stars with hypothetical third body or apsidal motion are indicated by different symbols. Vertical scale of (a) uses Eq. 5, while vertical axis of (b) uses Eq. 6. Thick-dashed and solid lines show 50 and 100 pc distances from the diagonal thin line representing equal values. Error bars are not shown for clarity. pc. We have listed these scattered systems in Table 5 . The table shows that distances from literature agree better with our distance estimates from the calibration relation including near-infrared colours. The table also indicates that Hipparcos distances are not in good agreement with the distances recorded in literature, in general, although their relative parallax errors are smaller than 0.15. One of the best examples is V1229 Tau. Southworth et al. (2005b) estimated the distance of V1229 Tau using three independent methods and found that Hipparcos distance is not in agreement with their results. Our estimates support Southworth et al. (9) (1) Arevalo et al. (1995) , (2) Semeniuk (2000), (3) Popper (1998) , (4) Popper (1987), (5) Andersen et al. (1975) , (6) Lacy (1979) , (7) Nordström et al. (2004) , (8) , (9) Southworth et al. (2005b) (2005b), but not in agreement with Hipparcos distance. Thus, it seems that, in selecting stars for such calibration studies, not only relative parallax errors but also parallaxes higher than 10 mas must be carefully taken into account.
It has been found that the distances indicated by the LCs relations and various methods are in agreement (see Fig. 4 ). Although there is some scattering in the figure, almost all systems are located very near to the diagonal line representing equal values. It is interesting to note that the systems in Fig. 4 with third body or apsidal motion do not display larger scatter in comparison to other stars.
Normally, colour-magnitude relation exists for main-sequence single stars which is the main part of HR diagram itself. Similar colour-magnitude relation obviously exists also for main-sequence binaries with a deviation of about 0.50 mag (see Table 3 ). This could be explained by an argument that the greatest deviation from the relation of single star must occur when two components of the binary are identical. For such cases a binary system would appear 0.75 mag brighter than a single star. So, deviation of binary system cannot be higher than 0.75 mag on the brightness scale. In fact, deviation becomes smaller if one of the stars becomes cooler. When the cooler star's contribution becomes negligible, the system behaves as single star. Assuming that, we have various systems so that expected deviation would be about smaller than 0.40 mag on the brightness scale on an average. This limit is well within the standard deviation predicted in Table 3 . Colour axis deviation from single stars are also expected to be negligible. Because at both limits colour of the system is like a single star. When two components were identical there would be no colour deviation. When the temperature difference between components increases sys-tem colour approaches to the colour of the dominant component.
The results of this study will help to understand space distributions and evolution of detached binaries in the solar neighbourhood. Indirectly, it will help to improve information about single stars. We suggest that the LCs relations are useful statistical tools to calculate the distances of detached binaries from their optical and near-infrared observations since the LCs relations are based on the most reliable distance estimation method (trigonometric parallax). Distances calculated from the LCs relations can give clues for astrometric observations of these systems, as well. Finally, it should be noted that future astrometric observations of detached binaries such as GAIA and SIM missions, will refine the LCs and PLCs relations.
